Evidence supports a relationship between the neuroendocrine and the immune systems. Data from mice that overexpress or are deficient in growth hormone (GH) indicate that GH stimulates T and B-cell proliferation and Ig synthesis, and enhances maturation of myeloid progenitor cells. The effect of GH on autoimmune pathologies has nonetheless been little studied. Using a murine model of type 1 diabetes, a T-cell-mediated autoimmune disease characterized by immune cell infiltration of pancreatic islets and destruction of insulin-producing β-cells, we observed that sustained GH expression reduced prodromal disease symptoms and eliminated progression to overt diabetes. The effect involves several GH-mediated mechanisms; GH altered the cytokine environment, triggered anti-inflammatory macrophage (M2) polarization, maintained activity of the suppressor T-cell population, and limited Th17 cell plasticity. In addition, GH reduced apoptosis and/or increased the proliferative rate of β-cells. These results support a role for GH in immune response regulation and identify a unique target for therapeutic intervention in type 1 diabetes.
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beta cells | Tregs G rowth hormone (GH) is a pleiotropic hormone that affects a broad spectrum of physiological functions, from carbohydrate and lipid metabolism to the immune response (1) . Several studies have linked GH with autoimmune diseases, although its effects on the immune system are still debated. Whereas some reports using GH-deficient mice indicate that it does not affect immune competence (2) , others suggest that GH is necessary for correct immune system development (1, 3) . The GH receptor (GHR) is expressed by several lymphocyte subpopulations (4) . GH stimulates in vitro T and B-cell proliferation (5) and Ig synthesis (6) ; enhances human myeloid progenitor cell maturation (7); and modulates in vivo Th1/Th2 (8) and humoral immune responses (1) . In addition, therapeutic activation of the GH/STAT5B axis is postulated as a target for restoring mucosal tolerance in Crohn disease (9, 10) . A single point mutation in STAT5B limits its DNA binding activity as well as maintenance of FOXP3 expression by Treg cells in nonobese diabetic (NOD) mice (11) . These mice develop type 1 diabetes, which is characterized by autoimmune destruction of pancreatic β-cells due to the effect of environmental factors on genetically predisposed individuals (12, 13) . Although this murine model does not completely mimic the human disease, most steps in the pathogenesis, including prodromal and clinical symptoms, are closely comparable (14) .
Despite the interdependence of GH and insulin regulation and the known effects of GH and insulin-like growth factor 1 (IGF1) on pancreatic β-cell survival, proliferation and neogenesis (15, 16) , hormone influences have not been described in type 1 diabetes; no specific studies have addressed the consequences of long-term GH replacement therapy in this disease. Here we show the effects of long-term GH supplementation as a tool to modulate autoimmune attack on pancreatic β-cells. NOD mice transgenic for bovine GH (NOD-Tg bGH) do not develop type 1 diabetes, and show normal glycemia throughout their lives. Our histological analyses indicated that these mice develop periinsulitis, but show little or no islet infiltration or β-cell destruction. The mechanism involved specific GH-mediated effects on β-cells, where it influenced proliferation and apoptosis, and others that modulate the immune system. GH affected Th17/Th1 plasticity, M1/M2 macrophage differentiation, and Treg cell function. Our findings show an unanticipated GH effect on tolerization mechanisms that reduce type 1 diabetes development, and underline the importance of neuroendocrine regulation of the immune system.
Results
Sustained GH Expression Precludes Development of Overt Diabetes in NOD Mice. In our animal facility, >85% of virgin female NOD mice develop overt diabetes before 40 wk of age (Fig. 1A) . To study the effects of sustained high levels of circulating GH, we obtained a mouse strain transgenic for bGH under the control of the rat phosphoenolpyruvate carboxykinase (PEPCK) promoter (17) , on the NOD background. In this strain, as in the parental C57BL/6-Tg bGH strain, circulating GH levels are constant (∼5 μg/mL). Our mice were healthy and showed no external signs of other autoimmune diseases or tumor development throughout their lives. Histological examination showed mild sialitis. We monitored glycemia in female NOD-Tg bGH mice and control littermates for 60 wk, and found that the transgenic mice were
Significance
Although the relationship between endocrine and immune systems is well documented, few studies have been performed on autoimmune disorders other than those that are sex hormone-related. We studied a murine model of autoimmune diabetes, showing that growth hormone (GH) modifies the immune response to render diabetic mice resistant to disease development. The mechanism involves a GH-mediated effect on β-cell survival and/or proliferation and a direct effect on immune cells. GH triggers a cytokine environment that promotes anti-inflammatory macrophage polarization, maintains the activity of the suppressor T cells, and limits Th17 cell plasticity. This study provides evidence of the importance of endocrine control of immune functions and indicates that therapies based on GH analogs should be considered for treatment of autoimmune diabetes.
almost completely resistant to diabetes development (Fig. 1A) , as reflected by their higher survival rate compared with NOD mice (Fig. 1A) . The results indicated significant lowering of circulating glucose levels in the transgenic mice with age (Fig. 1B) , resulting in relative hypoglycemia. This observation contrasts with the susceptibility of C57BL/6-Tg bGH mice to type 2 diabetes in a high-fat diet study (18) . In histological analyses, NOD-Tg bGH mice showed giant islets with anomalous morphology and a periinsular mononuclear cell infiltrate that characterizes the initial stages of diabetes ( Fig. 1 C-F) . The irregular islet morphology suggests β-cell hyperproliferation and islet coalescence (Fig. 1D ), in agreement with the β-cell hyperproliferation observed in the presence of placental lactogen (19) . Although the results were not statistically significant, the number of apoptotic β-cells was reduced and K i -67 + cells were increased in NOD Tg-bGH pancreas (Fig. S1 ). These data suggest a role for GH in protection of β-cells from apoptosis and stimulation of their proliferative capacity.
NOD-Tg bGH Mice Have Normal Delayed Type Hypersensitivity
Responses. Some reports indicate a role for GH as an immune response activator (5, 20) ; we thus characterized immune cell populations in blood, spleen, and peripheral lymph nodes of NOD and NOD-Tg bGH mice. Flow cytometry analysis showed similar immune cell populations in both mouse lines (Table S1 ). No differences were observed in activation markers (CD25, CD69, CD44, and CD62L) in CD3 + cells isolated from NOD and NOD Tg-bGH lymph nodes (Fig. S2) .
To obtain an overview of immune function in NOD-Tg bGH mice, we evaluated T-cell responses in a delayed type hypersensitivity (DTH) assay of sensitization and challenge with allogeneic splenocytes. NOD-Tg bGH mice and control littermates were sensitized by i.v. injection of C57BL/6 splenocytes and challenged 6 d later by inoculating splenocytes into the right hind footpad. Inflammation was measured every 24 h until remission by comparing thickness of the inoculated to the contralateral, vehicle-inoculated footpad. Both mouse groups reacted similarly, with no significant differences in inflammation grade or resolution time, with only a slight remission delay in the transgenic mice ( Fig. 2A) .
NOD-Tg bGH Mice Have Altered Serum Cytokine Levels. In type 1 diabetes, a Th1-to-Th2 shift in the immune response is postulated to be protective for pancreatic islets (21) . Indeed, the conversion of Th17 to Th1 is necessary to induce diabetes efficiently (22) . To determine whether the GH-protective effect is associated with changes in circulating cytokines, we used a Luminex assay and detected higher peripheral blood levels of IFN-γ, IL-4, IL-13, IL-17A, and TNF-α in sera from NOD-Tg bGH mice than from NOD littermates (Fig. 2B) . The Th2/Th1 and Th17/Th1 cytokine ratios suggested a GH-mediated bias against a Th1 response in the transgenic mice (Fig. 2C ).
Preclinical Type 1 Diabetes Symptoms in NOD-Tg bGH Mice. Early in type 1 diabetes progression, an inflammatory environment is established around the islets of Langerhans, usually interpreted as a result of anomalous macrophage activity during postnatal remodeling of the endocrine pancreas (23) . Mononuclear cells are recruited into the pancreas and situate around the pancreatic islets shortly after weaning. The insular parenchyma is invaded progressively by immune cells, which destroy insulin-producing β-cells. On serial pancreas sections from NOD-Tg bGH, NOD littermates, and control C57BL/6 mice at different ages, we used H&E staining to evaluate islet size as well as insular and periinsular infiltration ( Fig. 1 C-F) . In NOD-Tg bGH mice, insular infiltration was delayed and most β-cells were conserved over time (Fig. 3A) . The islet-cell mass thus diminished progressively in NOD mice, as predicted, whereas it increased continuously in NOD-Tg bGH mice (Fig. 3B) . These data concur with the reported GHR-dependent islet hyperplasia (24) and the compensatory hyperinsulinemia mechanism associated with GHdependent insulin resistance (25) .
Using immunohistochemistry and flow cytometry, we analyzed infiltrate composition in pancreata from 3-to 5-mo-old mice. Snap-frozen organs were sectioned and stained with anti-CD4, -CD8, -F4/80, -CD11c, and -B220 antibodies. Although individual variation was broad, the inflammation grade in NOD-Tg bGH mouse pancreas was lower than that of NOD mice (Fig.  3A) . Infiltrate composition was nonetheless grossly similar, with a predominance of T cells, mainly CD4 + (Fig. S3) . We observed no immune cell infiltration in NOD-Tg bGH islet parenchyma, even in older mice in which infiltration was massive, but always restricted to the islet periphery (Fig. 3C ). This inflammation coincides with no apparent degradation of the periinsular laminin layer, which defines the basal lamina of the sheet of Schwann cells thought to be the first target of autoimmune attack (26) ( Fig. 1 E and F) . In some cases, we found intrainsular foci in mature mice ( Fig. 3 C and D), although they must be considered perivascular, because they are surrounded by an intact laminin sheet.
Because type 1 diabetes is also characterized by development of a humoral response to islet antigens, we evaluated antiinsulin antibodies in prediabetic NOD-Tg bGH and control prediabetic NOD mice. Whereas NOD mice had high antiinsulin antibody titers, indicative that insulin is the primary antigen for type 1 diabetes in these mice (27) , as it is in humans (28), NOD-Tg bGH mice had much lower titers (barely detectable even at 12 wk; Fig. 3E ). Spleen B cells from NOD and NOD Tg-bGH mice were activated in vitro with anti-mouse IgM antibody (10 μg/mL, 180-360 min, 37°C) alone or with exogenous GH (5 μg/mL); activation was similar, as demonstrated by flow cytometry using anti-CD69 and anti-CD86 antibodies (Fig. S4 ). These findings rule out B-cell activation defects in NOD Tg-bGH mice.
In addition to the maintenance of normal glycemia, the lack of antiinsulin antibodies and the absence of islet-infiltrating, putative antigen-specific CD4+ T cells in NOD-Tg bGH mice suggests that GH modulates the adaptive immune response in type 1 diabetes.
Circulating GH Levels Are Responsible for the Protective Phenotype.
For detailed characterization of the role of the adaptive immune response in NOD-Tg bGH mice, we evaluated diabetogenic cell populations and suppressor cell activity. We transferred total splenocytes from NOD-Tg bGH or NOD mice into untreated or sublethally (7 Gy) irradiated NOD or NOD-Tg bGH mice. Splenocytes from NOD-Tg bGH mice did not protect untreated NOD mice from disease development (Fig. 4A ), suggesting that NOD-Tg bGH regulatory cells had insufficient suppressive capacity in NOD mice. In addition, cells from the transgenic mice did not accelerate diabetes in sublethally irradiated NOD mice ( 
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+ T-cell population and impairing their recovery in pancreas infiltrates (29) . To determine the role of Treg cells in our model, we transferred splenocytes (2 × 10 7 ) from a pool of three overtly diabetic 6-mo-old NOD mice into 6-wk-old sublethally (7 Gy) irradiated NOD-Tg bGH mice. Diabetes did not develop in the recipients (Fig. 4C ), whereas diabetes was accelerated in irradiated control NOD littermates. These data suggest a resistant suppressive mechanism in irradiated NOD-Tg bGH mice that blocked NOD effector cells.
Because Treg cells are reported to be relatively radioresistant (30), we transplanted diabetogenic splenocytes into lethally irradiated (12 Gy) NOD and NOD-Tg bGH recipients for a 3-wk radioprotection/accelerated diabetes assay. Recipient mice were rescued from lethality and, though NOD mice became hyperglycemic within 7-10 d, transgenic mice remained normoglycemic throughout the experiment (Fig. 4D ). Untransferred mice of both genotypes, used as a lethality control, died during the first week. The results imply a suppressive mechanism for diabetogenic cells in NOD-Tg bGH mice, which are resistant even to a high dose of full-body irradiation. The relative radioresistance of Treg cells and monocytes might account for this suppression.
We tested whether transgenic splenocytes protect mice in an accelerated diabetes model. Two groups of 12-wk-old NOD/SCID (severe combined immunodeficiency) mice were inoculated i.v. with 2 × 10 7 splenocytes from a pool of two 5-mo-old diabetic NOD mice. One group also received 2 × 10 7 splenocytes from a pool of two 5-mo-old transgenic mice (Fig. 4E ). All mice that received NOD splenocytes alone developed hyperglycemia by 4 wk posttransfer. The group inoculated with splenocytes from NOD + NOD-Tg bGH mice showed a slight, nonsignificant delay in hyperglycemia (log-rank test P = 0.094), suggesting loss of a hypothetical protective mechanism in the absence of circulating GH.
Suppressive Potential in NOD-Tg bGH Mice. Although Treg cells are broadly implicated in type 1 diabetes development, their precise function during the prediabetic stage is not well understood (31) (32) (33) (34) . CD4 + CD25 + Treg cells control disease progression through various potential mechanisms, inhibiting activation, proliferation, and/or migration of islet-specific T cells in lymph nodes and in pancreas (35) . Because Treg cell suppressive potential is associated with FoxP3 levels (36), we used flow cytometry to determine FoxP3 expression on CD4 + CD25
+ peripheral blood lymphocytes from C57BL/6, NOD, and NOD-Tg bGH mice at 2 mo of age, before hyperglycemia was detected (Fig. 5A) , and at 5 mo, when NOD mice were hyperglycemic (Fig. 5B) . We found no differences in FoxP3 expression in any 2-mo-old mice (Fig. 5 A and C) , whereas CD4 + CD25
+ lymphocytes from 5-mo-old NOD mice showed a clear reduction in FoxP3 levels compared with those from B6 mice; this down-regulation was not observed for NODTg bGH CD4 + CD25
+ Treg cells (Fig. 5 B and C) . The results suggest a GH effect on the maintenance of Treg cell activity.
In 2-mo-old mice, the percentage of CD4 + CD25 + FoxP3
+ cells was higher in C57BL/6 than in NOD-Tg bGH mice or NOD 7 diabetic NOD mouse splenocytes. Irradiated NOD littermates (continuous line, n = 4) were used as controls. Accelerated diabetes development was observed in NOD controls, whereas NOD-Tg bGH mice remained fully resistant. (D) The experiment in C was repeated using lethally irradiated NOD-Tg bGH mice (dashed line, n = 4). NOD mice (n = 2) were used as controls for accelerated diabetes development, and uninoculated mice (NOD, n = 2; NOD-Tg bGH, n = 2) as controls of lethality; all four untransferred mice died within 2 wk of irradiation. (E) NOD/SCID mouse sensitivity to diabetes development after splenocyte transfer (NOD, continuous line; NOD + NOD-Tg bGH, dashed line; 12 wk old, n = 4 for both groups). Logrank test P < 0.05 was considered significant. NS, not significant.
littermates, with no difference between the last two groups. The percentage of CD4 + CD25 + FoxP3 + cells was higher in 5-mo-old NOD-Tg bGH mice than in NOD littermates, although in both cases it was lower than that in C57BL/6 mice (Fig. 5D) , which suggests higher suppressive T-cell activity in NOD-Tg bGH than in NOD mice.
We + cells. This effect might be potentiated in vivo, because NOD-Tg bGH cells are continuously exposed to high levels of circulating GH. Treg cells in vivo might also be activated locally by antigen-presenting cells (37) specifically charged with islet antigens, which were absent in our in vitro experiments.
GH Effect on Macrophage Polarization. Macrophages have a key role in pancreas remodeling (23) and are also present in pancreas infiltrate in NOD and NOD-Tg bGH mice. There are two main macrophage types: M1 or inflammatory macrophages, characterized by high NOS2 (inducible nitric oxide synthase) expression, and M2 or anti-inflammatory macrophages characterized by arginase-1 expression. We used quantitative real-time PCR to quantify M1/M2 macrophage markers in pancreatic lymph nodes from 3-mo-old NOD and NOD-Tg bGH mice. We found lower NOS2 and higher arginase-1 RNA levels in nodes from NOD-Tg bGH than from NOD mice (Fig. 5F ). These data were confirmed by immunohistochemical identification of arginase-1-producing cells in NOD and NOD-Tg bGH mouse pancreas ( Fig. 5 G and H) . The results indicate a GH effect on macrophage polarization toward the M2 phenotype in NOD-Tg bGH mice.
GH Modulates Th17 Cell Plasticity. Diabetes development is reported to be associated with acquisition of a Th1-like phenotype by Th17 cells (38) , which then express T-bet and secrete IFN-γ. We tested the GH effect on Th17/Th1 plasticity using RT-PCR to determine IL-17, IFN-γ, IL-2, IL-22, and GM-CSF mRNA levels in total pancreas of age-matched NOD-Tg bGH and prediabetic NOD mice, as well as of ROR-γT and T-bet transcription factors as specific markers of Th17 and Th1 polarization, respectively (Fig.  6A) . To avoid interference due to different numbers of infiltrating cells in the pancreas, we compared the ratio for messages characteristic of Th17 and Th1 cells, which is more indicative of the relative abundance of nonpathogenic Th17 cells than are individual Th17 or Th1 values (39) . The results showed a higher RORC/Tbx21 (Fig. 6B) and IL-17/IFN-γ (Fig. 6C ) ratios in NOD-Tg bGH mouse pancreas. In addition, we detected higher IFN-γ, IL-2, IL-22, and GM-CSF mRNA levels in NOD mouse pancreas (Fig. 6A) . These data indicate a significant reduction of pathogenic Th17 cells infiltration and their plasticity to Th1 in NOD-Tg bGH mouse pancreas.
Discussion
Type 1 diabetes is a multifactorial disease caused by the concurrence of genetic and environmental factors that include infectious agents, diet, and illness (40) . Endocrinopathies characterized by chronic overproduction of hormones whose action opposes that of insulin, such as epinephrine, glucagon, cortisol, or GH, generally cause diabetes by triggering insulin resistance (41); nonetheless, very little is known of their potential to influence autoimmune diabetes. Here we observed that a transgenic mouse strain on the NOD background that expresses bGH under the control of the rat PEPCK promoter (NOD-Tg bGH) did not develop type 1 diabetes. The pancreatic inflammatory phenotype characteristic of the NOD background was severely reduced in the presence of GH. These mice also showed almost complete suppression of the adaptive immune response. We detected no prodromal antiislet antibody production or diabetogenic cell expansion; hence, there was no islet destruction in these mice.
There is considerable evidence for distinct GH effects on pancreatic β-cells (16), some direct and others through its main mediator, IGF1 (42) . Exogenous GH in rat islet cultures thus stimulates DNA synthesis and insulin production (43); IGF1 and GH signaling have mitogenic effects on INS-1 cells (44) . We detected a large β-cell mass in NOD-Tg bGH mice that correlated with the higher proliferation rate and lower apoptotic β-cell numbers detected in the pancreas of these mice, which could explain in part the lack of hyperglycemia in these mice. By activating the JAK/STAT pathway, GH can also stimulate β-cell survival. The JAK/STAT-activated suppressors of cytokine signaling block damage triggered by cytokines such as IFN-γ or TNF-α (45) , and expression of a constitutively active form of STAT5b has a protective effect on β-cells in a model of streptozotocin-induced diabetes (46) . NOD-Tg bGH mice showed periinsulitis, although we found no sign of degradation of the periinsular laminin layer, and no antiinsulin antibodies in serum. The results confirm a GH effect on the immune system in addition to its effect on β-cells.
Although differences in immune cell activity are associated with high levels of circulating GH (47), we detected no major differences in any of the circulating cell populations in either mouse type; B220 + , CD3 + , CD4 + , CD8 + , CD11b + , or Gr1 + cell numbers were similar, as were the lymph node T-cell activation markers (CD25, CD69, CD44, and CD62L). This observation concurs with the similar response in a DTH assay of NOD and NOD-Tg bGH mice to immunization with allogeneic splenocytes, ruling out general defects in the T-cell response and/or antigen presentation. It is nonetheless postulated that APC, antigen presenting cell, defects are responsible for the lack of adequate regulatory potential in NOD mice (48) . It could be argued that the halt observed at the periinsulitis checkpoint is due to a reduced Th2 response and Ig production in NOD-Tg bGH mice. Overexpression of bGH in C57BL/6 mice alters the humoral response to egg albumin by reducing Th2 cytokine production (1). We did not observe such Th2 defects on the NOD background, as assessed by measurement of circulating cytokine levels. In any case, antiislet antibodies are not directly linked to β-cell destruction, and the role of β-cells appears to be restricted to their antigen-presenting activity (49) . β-cells from NOD and NOD-Tg bGH mice showed no defects in their in vitro activation by antiIgM antibodies. We previously observed that after stimulation with conventional antigens, the antigen response is reduced in Tg bGH mice, with a IgG1 to IgG2 isotype shift (1). These findings implicate GH in altering T-cell function.
Transferred NOD-Tg bGH splenocytes did not protect NOD mice from diabetes, and NOD splenocytes did not promote diabetes when transferred into NOD-Tg bGH mice, suggesting that control of T-cell responses in NOD-Tg bGH mice is dependent on circulating GH levels.
At 5 mo of age, with a well-developed inflammatory environment, CD4 + CD25
+ Treg cell numbers are maintained at stable low levels in NOD mice, whereas they rise in NOD-Tg bGH mice. In NOD-Tg bGH mice, we did not observe the downregulation of FoxP3 expression found in hyperglycemic NOD mice. Because FoxP3 expression is directly linked to the regulatory action of Treg cells (50) , it is thus possible that GH regulates FoxP3 activation via STAT5b or STAT3. A single point mutation in STAT5b, which encodes a transcription factor involved in GH signaling (51), limits FoxP3 expression by Treg cells (11) . Sustained activation of STAT3 (another transcription factor involved in signaling through the GHR) is needed to maintain FoxP3 expression by Treg cells (52) . Through STAT5B or STAT3 activation, GH might thus increase FoxP3 levels, regulating Treg cell activity.
In the adoptive transfer experiments, sublethal and even lethal irradiation did not alter the protective effect of GH expression in NOD-Tg bGH mice. GH promotes radioprotection in a variety of cell types, and radiation sensitivity differs in some immune system niches. For example, GH and IGF1 enhance hematopoietic stem cell radioresistance and proliferation (53) . These resistance mechanisms nonetheless appear to be insufficient for the rapid expansion of suppressive cells that would be needed to control disease in an accelerated diabetes model. It is more likely that GH increases the radioresistance of the Treg cell population; lethally irradiated wild-type hosts transferred with scurfy bone marrow cells did not develop autoimmune disease, due to suppression of sf-derived T cells by radioresistant host FoxP3 + Treg cells (30) .
We tested the in vitro suppressive capacity of Treg cells from NOD and NOD-Tg bGH mice and found slight but significant differences. These differences might be considered insufficient to explain complete resistance to diabetes development; nonetheless, T-cell differentiation and activity are dependent on antigenpresenting cell type and the microenvironment in which presentation occurs, and Treg cells might be induced only locally by M2 macrophages (37) . Macrophages have two distinct phenotypes (54): inflammatory (M1) macrophages participate in antigen recognition and secretion of inflammatory cytokines, and noninflammatory (M2) macrophages are involved in tissue repair and remodeling (55) . M1 polarization is induced by IFN-γ and characterized by high NOS2 expression and by secretion of proinflammatory cytokines IL-1 and IL-12, whereas M2 are induced by IL-4 and IL-13 and are characterized by high arginase-1 expression and by IL-10 secretion. Our data for pancreatic lymph nodes and pancreata from prediabetic NOD mice showed the presence of M1 macrophages (arginase-1 low NOS2 high ), whereas age-matched NOD-Tg bGH mouse macrophages had an of the high circulating levels of IL-17 (56) , and could also influence increased local Treg cell activity.
Autoimmune diabetes is a well-characterized Th1 pathology. We detected high IFN-γ and IL-2 mRNA levels in NOD mouse pancreas, which were lower in NOD-Tg bGH pancreas. Both mouse models also had high IL-17 mRNA levels, suggesting Th17 cell involvement in type 1 diabetes. Th17 cells are found in some autoimmune diseases such as experimental autoimmune encephalomyelitis (57) and rheumatoid arthritis (58); NOD and NOD-Tg bGH mouse pancreas also showed high ROR-γT mRNA levels.
Recent evidence suggests that depending on the microenvironment, Th17 cells can alter their differentiation program to induce protective or proinflammatory responses (59, 60) . We found a significant reduction in mRNA levels of IFN-γ, IL-2, and GM-CSF, characteristic mediators for Th17 pathogenic cells (59) , in NOD-Tg bGH pancreas compared with that of NOD mice. Although, increasing evidences points to the role of Th17 cells in NOD mice, it seems that the conversion of this cell subset into Th1 is more important (22, 38) . How the inflammatory microenvironment modulates this Th17 differentiation is not completely understood, although our results suggest that GH maintains a nonpathogenic profile of Th17 cells and reduces their Th1 potential in the pancreas.
We cannot rule out that GH might also contribute to transgenic islet resistance to immune attack via STAT3 activation. STAT3 activation in Treg cells, associated with type 1 diabetes resistance in NOD mice (61) , controls the macrophage IL-10-mediated anti-inflammatory response (62) and is an important survival factor in β-cells (63, 64) . Our data show that GHmediated interference in type 1 diabetes development involves an increase in β-cell mass, protection of the periinsular laminin layer, and a direct effect on immune cells-mainly macrophages, Th17, and possibly Treg cells. These results demonstrate the importance of endocrine control of immune functions, and indicate that therapies based on GH analogs and/or their signaling cascades should be considered for treatment of autoimmune diabetes.
Materials and Methods
Mice. Mice transgenic for bGH under the control of the phosphoenolpyruvate carboxykinase promoter on a C57BL/6J × C3H/J hybrid background (65) were crossed on the NOD background until NOD polymorphic alleles were stabilized (F0; NOD-Tg PEPCK-bGH/Ccnb), as assessed by the length of single sequence repeats (66) . The transgenic strain was maintained by continuous backcrosses on NOD females. Experimental results were obtained from F5 onward, always using strict littermates. Mice were fed a standard laboratory rodent diet (Global Diet 2918, Harlan Iberica; 18.5% protein, 5.5% oils and fat) and tap water ad libitum. The mice were monitored twice a week with Accutrend kits (Roche Diagnostics) for development of hyperglycemia, and declared diabetic when glucose was >200 mg/dL in two consecutive measurements. Overtly diabetic mice were killed. Mice were handled according to national and European Union guidelines, and experiments were approved by the Comité Ético de Experimentación Animal, Centro Nacional de Biotecnología.
Immunohistochemistry. Pancreata were embedded in optimal cutting temperature freezing medium (Sakura) and snap-frozen in cooled isopentane. Sections (7 μm) were cut, air-dried, and fixed in cold acetone. When stored at −80°C, sections were postfixed in ethanol/acetone (1:3) before staining. Primary antibodies were guinea pig anti-porcine insulin antibody (Dako), antiarginase-1 (BD Biosciences), rabbit anti-laminin (Sigma), and rabbit anti-Ki67 (Novocastra antibodies); immunodetected with the tyramide signal amplification indirect staining kit (Perkin-Elmer); and visualized with diaminobenzidine. Hematoxylin was used for counterstaining.
β-Cell Mass Determination and Infiltration Level Count. Pancreata from mice of different ages (three per group) were extracted, weighed, formaldehydefixed, and paraffin-embedded. For quantification, one 5-μm section was analyzed every 100 μm. Sections were H&E stained and photographed at 10× magnification. Composite images were generated with the photomerge function of Adobe Photoshop CS5. On merged images, a grid was superimposed and β-cell mass calculated from the ratio of intersections in endocrine vs. total pancreas and pancreas weight (67) . Separation between grid lines was 50 μm. The same slides were used to determine infiltration level in islets. Insulitis was scored by the following criteria: insulitis (grade 3), infiltration in the islet parenchyma; severe periinsulitis (grade 2), three or more rows of mononuclear cell infiltrate surrounding the islet; mild periinsulitis (grade 1), less than three rows of periinsular infiltrating cells, and no insulitis (grade 0), absence of cell infiltration. Apparent intraislet area was sometimes counted as periinsular when the insular parenchyma was not invaded, as determined by the integrity of Schwann cell basal lamina.
Delayed Type Hypersensitivity. C57BL/6J splenocytes were isolated by mechanical disaggregation and erythrocyte lysis with NH 4 Cl, washed once with PBS + 0.1% BSA and twice with PBS. The 6-wk-old mice were sensitized by i.v. injection of 2 × 10 5 C57BL/6J splenocytes, and challenged on day 6 in the right footpad with 1. Cytokine Measurement. Circulating cytokines were quantified in serum with a Bio-Plex kit and analyzer (BioRad). Serum samples were stored at −80°C until use. Antiinsulin and total antibodies in serum were measured by standard ELISA at 495 nm. Plates were coated with 100 μL per well with human insulin (20 μg/mL; Novo-Nordisk) or goat anti-mouse Ig kappa chain (50 μg/mL) in PBS. Plates were incubated (overnight, 4°C), washed with PBS, 0.1% Tween 20, and blocked with 1% BSA, 0.05% Tween-20 in PBS [1 h, room temperature (RT)]. Serial serum dilutions were added to washed plates and incubated (2 h, RT); after washing, peroxidase-conjugated anti-Ig (1:2,000; Dako) was added. Plates were incubated (1 h, RT), washed, and 100 μL orthophenylenediamine substrate solution (Sigma) was added. The reaction was terminated after 20 min and measured.
Cell Purification and Flow Cytometry. To prepare single-cell suspensions, spleens and lymph nodes were harvested and minced on a 40-μm nylon mesh in RPMI medium 1640 (Lonza) supplemented with 10% FBS, 2 mM L-glutamine, and 50 μg/mL penicillin/streptomycin. For APC preparations, spleens were predigested with collagenase A and DNase I. CD11c . When required, murine B cells were purified using mouse pan-T Dynabeads (Invitrogen) and T cells with mouse T-cell negative isolation kit (Dynal). Purity of all cell preparations was routinely >95%. Blood samples were lysed with VersaLyse (Beckman Coulter).
Single-cell suspensions of lymphoid organs or blood leukocytes were prepared and blocked with anti-CD16/32 (BD Pharmingen) to impede Fcmediated nonspecific antibody binding. Samples were stained with antibody conjugates by a standard procedure, using FITC anti-CD25, FITC anti-CD11b, and SPRD anti-Gr1 (Pharmingen); SPRD anti-CD4 (eBiosciences); FITC anti-CD3, FITC anti-CD8, PE anti-CD44, FITC anti-CD69, FITC anti-CD45, and APC anti-B220 (Beckman Coulter); PE anti-CD86 (BioLegend); and PE anti-CD62L (Southern). FoxP3 expression was determined after permeabilization and intracellular staining with a PE-labeled antibody (FoxP3 staining set; eBiosciences). When necessary, naïve B cells (92-95% pure) were first activated with 10 μg/mL goat anti-mouse IgM Ab (Jackson ImmunoResearch; 3 or 6 h, 37°C), alone or with exogenous human GH (5 μg/mL, Genotonorm; Pfizer). Stained samples were analyzed on a flow cytometer (Cytomics FC 500; Beckman Coulter). FACS data were analyzed with FlowJo and CytoSpec software. ; previously γ-irradiated, 15 Gy) in the presence of anti-CD3 (1 μg/mL). Cultures were prepared in triplicate in U-bottom 96-well plates (Nunclon Surface) with RPMI-1640 medium supplemented with 10% FBS, 2 mM L-glutamine, 1 mM pyruvate, and 50 μM β-mercaptoethanol (72 h, 37°C), and cells were pulsed (16 h) with 1 μCi [ Semiquantitative Real Time PCR. cDNA sequences were obtained from the GenBank database. PCR primers were designed from the cDNA sequences using Primer-BLAST (68) (Table S2) . RNA (5 μg) was used for reverse transcription. cDNA was obtained by SuperScript II reverse transcriptase (Invitrogen). Then cDNA was amplified by PCR analysis, using Power SYBR Green PCR Master Mix (Applied Biosystems), 0.3 μM of primers, and three serial dilutions of RT products. Triplicate samples were quantified using the ABI Prism HT7900 sequence detection system (Applied Biosystems). For relative quantification, we used the equation 2 −ΔΔCt . We normalized each sample with β-actin (ΔCt), and ΔΔCt represents the difference between the Ct from each gene expression of NOD at 13 wk and each datum.
